Pulse pressure (PP) is an independent predictor of myocardial infarction, mainly above 50 years of age. In subjects with preserved ejection fraction (EF), aortic PP predicts the severity of coronary atherosclerosis. Comparable findings in subjects with reduced EF have not been evaluated. In 1337 subjects with severe coronary ischaemic disease, intra-aortic and brachial blood pressures were measured together with EF and coronary angiography to evaluate cardiac function, the presence of coronary stenosis and/or occlusions or calcifications. The presence (odds ratio±95% CI) of coronary calcification was marginally but not significantly associated (P ¼ 0.06) to increased aortic PP (1.32 (0.97-1.80)), whereas that of coronary occlusion was significantly associated (Po0.01) with decreased aortic PP (0.62 (0.42-0.91)), even after adjustment to EF and heart rate. Increased aortic PP did not correlate with stenosis number. No comparable predictive value was observed using intra-aortic or non-invasive brachial systolic blood pressure (SBP) or diastolic blood pressure (DBP). In high cardiovascular risk populations, even in the presence of reduced EF and high heart rate, intra-aortic PP, but not SBP or DBP, is a significant predictor of coronary occlusions and possibly calcifications, but not stenosis.
Introduction
Brachial non-invasive and aortic invasive pulse pressure (PP) are both independent predictors of cardiovascular (CV) outcomes, principally in the general population over 59 years of age. [1] [2] [3] [4] More specifically, it has been shown that increased brachial and aortic PP are significant and independent predictors of cardiac and mainly coronary events, whereas mean arterial pressure (MAP) should be a stronger predictor of cerebral, cardiac (heart failure) and renal events. [1] [2] [3] [4] [5] However, in some of the published reports, brachial systolic blood pressure (SBP) was found to be a better predictor of coronary events than brachial PP, even in the elderly population. [6] [7] [8] On the other hand, it has been shown that increased PP is predictor of CV risk, even when PP involves low diastolic blood pressure (DBP) without any increase of SBP. 9 Such discrepancies indicate the need to evaluate directly, using invasive techniques, the relationships and the predictive values between invasive aortic SBP and PP, on the one hand, and the presence of atherosclerotic alterations of the coronary arteries, on the other hand, in populations of subjects with severe hypertension and/or coronary atherosclerosis.
In the past, few studies have investigated the relation between aortic SBP or PP and angiographically documented lesions of coronary artery disease. [10] [11] [12] [13] Several of them have shown a significant association between aortic PP (but not aortic SBP) or aortic stiffness with the presence and extent of atherosclerotic stenosis of the coronary arteries. 11, 13, 14 However such investigations were mainly documented in subjects with preserved cardiac function, as judged from ejection fractions (EFs). Studies in populations at high CV risk and consistently reduced EF are more difficult to interpret. 15 In the present multicentre study, the goal was to determine whether aortic PP measured at the time of a first diagnostic coronary angiogram was related to the presence of coronary atherosclerosis and its consequences, as judged by the following structural and functional alterations: coronary occlusions (thrombosis) and/or stenosis; arterial calcifications; presence of single or multiple atherosclerotic coronary sites; ventricular EF.
Patients and methods

Patients
From July 2000 to January 2002, 1337 patients aged 40 years or more were referred for a first diagnostic angiogram at the 75 French institutions participating to this study. There was one investigator in each centre, and the patients were recruited consecutively on the basis of the investigator's availability. Patients who had already undergone a coronary angiography, who were not in sinus rhythm, who had significant aortic valve disease (aortic stenosis with peak to peak gradient 425 mm Hg, aortic regurgitation 4grade 1), or had a recent (o5 days) myocardial infarction or were hospitalized on an emergency basis were excluded from the study.
Subjects who were receiving CV medications (see later), whether based on treatment of coronary ischaemic disease (n ¼ 463) and/or hypertension (n ¼ 1057) or any other CV disease, were included in the present investigation. All patients gave consent for this study and a central ethics committee, according to the French legislation, approved the protocol.
Methods
Baseline characteristics of the study population (history, current symptoms, CV risk factors and brachial blood pressure (BP) measurements involving mercury sphygmomanometer) were recorded prospectively at the time of the initial hospitalization. 11, 16, 17 Invasive intra-aortic SBP and DBP were measured at the time of coronary angiography using a fluid-filled catheter at baseline before any injection of contrast medium as previously documented. 13 Aortic PP was calculated as the difference between aortic SBP and aortic DBP. Heart rate was recorded using electrocardiographic monitoring. Selective coronary angiography was performed by the Judkins technique. All coronary angiograms were reviewed by an observer (DB, AS, MA) who was blinded from the pressure measurements. Classification of significant coronary artery disease was based on quantitative coronary angiography. 18 Each segment was classified as normal, insignificantly stenosed or significantly stenosed. Normal segments were defined as those without any irregularities and were classified as 'negative'. Insignificant stenoses were diagnosed if lumen narrowing was o50% diameter stenosis. Lumen narrowing X50% was considered significant stenosis. Offline caliper measurements (MEDIS, Reiber) were used to confirm categorization of lesions. Patients with significant stenoses in one, two or three major vessels were classified as having a one-, two-or three-vessel coronary artery disease, respectively.
Coronary artery disease was defined by the presence of at least one X50% stenosis or their main branches. The number of significant (X50%) stenosis and/or occlusions for each patient was recorded. Left ventricular EF was measured on the 301 right anterior oblique projection, using the commercial software available at each of the participating centres. [10] [11] [12] [13] [14] [15] [16] All measurements were performed in the morning and at stable room temperature, after an overnight fast. Brachial BP measurements were performed by traditional mercury sphygmomanometer in the supine position after a 15 min rest in the laboratory, using the first and the fifth Korotkoff sounds for SBP and DBP, respectively. The average of the last two out of three consecutive BP measurements was used for data analysis. Considering ethical and technical reasons, brachial and aortic BP were not simultaneously measured and did not use the same methodology (invasive for aortic pressures and non-invasive for brachial pressures).
Statistical analysis
Data are expressed as mean±standard deviation for the quantitative variables and percentages for discrete variables. Because the objective was to determine which of the main aortic mechanical factors (SBP, DBP, MBP, PP) were statistically associated with the observed coronary alterations of the angiogram, the following steps were used:
The first step was the establishment of a BP model: the purpose of this step was to establish a global linear regression model where BP (either SBP or DBP or MBP or PP) was the explained variable and where the factors likely to influence BP included the following:
J Total number of classes of antihypertensive agents (from 0 to 6) classified as follows: diuretics (n ¼ 303), b-blockers (n ¼ 630), calcium entry blockers (n ¼ 328), converting enzyme inhibitors (n ¼ 382), angiotensin II antagonists (n ¼ 108) and central antihypertensive agents (n ¼ 41). J Personal history of CV disease (from 0 to 7), including myocardial infarction (n ¼ 177), congestive heart failure (n ¼ 126), angina pectoris (n ¼ 581), cerebrovascular accidents and/or documented internal carotid arterial stenosis (n ¼ 66), peripheral arterial disease (n ¼ 127), aortic aneurysm (n ¼ 24) and left ventricular hypertrophy (n ¼ 151). J Familial history of CV disease (from 0 to 2): hypertension (n ¼ 245) and sudden death (n ¼ 330). Definitions used for all pathological conditions have been previously described in detail elsewhere.
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J Number of CV risks factors (from 0 to 5), including hypertension (n ¼ 694), tobacco consumption (n ¼ 430), diabetes mellitus (n ¼ 310), hypercholesterolaemia (n ¼ 670) and alcohol consumption (n ¼ 130) (see later). J Using this model, residual BP can be calculated in each individual as the difference between the observed value and the predicted value. Thus, using a univariate procedure, the upper quartile value for residual BP can be determined and a dummy (dichotomic) variable was defined according to the value of the upper quartile. This variable may be quoted 0 if less than the upper quartile, and 1 if greater than or equal to the upper quartile value. In a second step, the coronary and cardiac parameters associated with BP are determined: J The main parameters involved calcifications, occlusions, stenoses and affected coronary sites. All parameters were defined as dummy variables (yes/no). J Other dummy variables involve creatinine clearance, calculated from the Cockcroft formula (classified as p 40 or 4 40 ml min À1 ); heart rate and EF classified as p50% or 450%. In the last step, a logistic regression was achieved: To determine which parameters influenced BP level (SBP or DBP, or MBP or PP), we performed a forward logistic regression, using not only the coronary dummy variables (calcifications, occlusion, stenosis and number of affected sites) but also taking into consideration the presence of b-blocking drug treatment (yes/no), creatinine clearance (p or not 40 ml min À1 ) EF (4 or not 50%) and heart rate (4 or not 80 b.p.m.). EF o50% was used as a marker of cardiac dysfunction. Heart rate and b-blocking agents (yes/no) were used as conventional factors potentially acting independently on PP. [1] [2] [3] [4] [5] According to the degree of significance (Po0.15), the variables were either added or not added in the model.
Results
This work involved 914 men and 423 women. Age (years) and body mass index (kg m À2 ) were, respectively, in men, 61 ± 11 and 27 ± 4; in women, 66±12 and 27±5 (±1 standard deviation). Tables 1-3 summarize the main characteristics of the studied population. Note that, in Table 1 , whereas mean values of brachial and aortic SBP were quite similar, brachial non-invasive DBP (76.29±12.22 mm Hg) was somewhat higher than intra-aortic DBP (74.48 ± 13.92 mm Hg). Furthermore, in the overall population, aortic PP was 64.30±20.63 mm Hg, due to a low DBP but with SBP within the normal range (Table 1) . A wider aortic PP was observed in women (70.14±21.67 vs 61.60±19.56 mm Hg; Po0.0001), mainly due to a higher aortic SBP (144.54 ± 26.47 vs 136.91 ± 25.04 mm Hg; Po0.0001). Table 2 lists the previous CV events of the population. A history of myocardial infarction and congestive heart failure was noted in only 13.2 and 9.4% of patients, respectively, and mean EF was in the normal range (62±14%). However, on the basis of the history of CV events (Table 2 ) and of the presence of risk factors (Table 3 ), the population may be considered as being at high risk, both in men and in women. Of note, 23.2% of the patients had a diagnosis of diabetes. Table 4 indicates the number (absolute values and per cent) of coronary and the cardiac alterations evaluated in the logistic regression analyses. Three hundred seventy-nine patients (28.35%) had apparently normal angiograms and 27.67% of the patients had three main coronary arteries affected. Coronary occlusions were observed in 20% of the patients and EF was o50% in approximately 19% of the population. Creatinine clearance was p40 ml min À1 in 7.18% of the patients. Table 5 summarizes the main results of the logistic regression according to the upper quartile of the residual BP value. This shows that, from aortic SBP, DBP and PP, the most important significant information of the logistic regression was given by PP: a high PP was independently associated with coronary calcifications (Po0.06) and high heart rate Table 5) . We showed, based on a classical logistic regression analysis, that calcifications were influenced significantly by age, sex, local coronary factors (occlusion, stenosis, affected sites), but not by the presence of traditional CV factors (plasma glucose, cholesterol, body mass index, smoking habits).
Discussion
This study was performed in a large population of subjects at high vascular risk and submitted to angiography for coronary ischaemic disease. The salient finding was that, from intra-aortic BP measurements, PP (and not SBP or DBP) was the most consistent predictor of atherosclerotic structural alterations of coronary arteries. Whereas a low intra-aortic PP was significantly associated with a low EF and the presence of thrombotic coronary occlusions, a high intra-aortic PP was slightly associated with coronary arterial calcifications and increased heart rate. In such subjects with low EF, aortic PP did not predict the presence and extent of coronary arterial stenosis.
For the interpretation of these results, it is important to recall that the studied population was composed of a selection of high-risk subjects with a strong likelihood of CV risk factors and history of coronary and extra-coronary events. These particular features have several important consequences. First, as it was well established in the past, the coronary blood flow is phasic and hence occurs predominantly during diastole. Thus, the link affecting aortic BP and coronary arterial structure is expected to be DBP, and not PP. 19 Second, in physiological conditions, coronary blood flow is known to be maintained constant through a tight vascular control called 'autoregulation' and involving the function of arteriolar and capillary coronary network. In high-risk populations, as in those of the present study, the ability of resistant vessels to dilate is markedly decreased, indicating a fall in coronary reserve. 19, 20 Cardiac hypertrophy and capillary rarefaction are constantly present, contributing also to reduce markedly the coronary reserve. 20 Under these conditions, aortic DBP is the almost exclusive mechanical factor susceptible to maintain coronary blood flow.
In the present report, the mean value of aortic PP was 64 mm Hg, which is the exact threshold PP level able to predict high CV risk in this population. 1,3-5, 10-15,21 This PP value is not exclusively due to increase in SBP because in all groups, the mean values remain within the normal range. It is in fact due to low DBP where mean values are close to 75 mm Hg in all groups. Indeed, the DBP mean value Each value represents the number of subjects in absolute number and in per cent.
is close to 75 mm Hg (Table 1 ). This haemodynamic profile cannot be explained without the combination of disturbed cardiac function and increase in artery stiffness. A reduced ventricular ejection, and hence EF, by definition decrease both SBP and DBP. On the opposite, increased large artery stiffness contributes to increase SBP but also to decrease DBP. The combination of both factors contributes to attenuate the increase in SBP, 17, 19, 22 but also to further decrease DBP. In the natural history of coronary artery disease, the development of coronary atherosclerosis precedes the impairment of left ventricular function in most cases. This means that the correlation between BP parameters and coronary atherosclerosis could be disturbed by the presence of left ventricular dysfunction. This fact could explain why aortic BP parameters are not correlated with the extent of coronary disease in patients with impaired EF, 15 in concordance with our results showing that a low PP was independently associated with arterial occlusions and low EF, but not coronary stenosis.
Aronson and Burger 23 studied the relation between peripheral PP and all-cause mortality in 489 patients with reduced EF and decompensated heart failure. They found that the association of PP with outcome in this setting was reversed, with low PP becoming an independent predictor of mortality. In the present study, the significant association that we found between low PP and low EF (Table 5) agrees with this possibility. In subjects with preserved EF, it has been shown that the level of PP is proportional to the number of atherosclerotic coronary stenosis. 13 On the opposite, arterial occlusion that represents the major consequences of coronary stenosis is obviously associated to the extent of myocardial infarction and necrosis, and hence to reduced aortic PP (Table 5) .
Along this investigation, we found that increased PP was slightly associated with the extent of coronary calcifications and mostly with increased heart rate. Coronary calcifications were mainly influenced by local factors as arterial occlusions or stenosis but not by traditional CV risk factors as plasma glucose or dyslipidaemia. 24, 25 Perhaps for this reason the association of calcifications with increased PP was statistically of marginal (P o0.06) significance. On the opposite, the association between increased aortic PP and increased heart rate was more significant but remains difficult to explain. In each individual, brachial PP level is physiologically superior to aortic PP (from about 14 mm Hg) as a consequence of increased arterial stiffness and altered wave reflections. 19 At each given values of MAP, increased heart rate is the major factor contributing to amplify the difference between central and brachial PP, particularly through changes in the timing of wave reflections. 19 This amplification has been shown to protect the heart from an increase of pulsatile load, particularly in hypertensives resistant to drug treatment. 26 In the present study, the importance of this mechanism may be difficult to evaluate because 630 subjects of the population are under b-blocking agents. However in the multiple regression analysis, the main factor was heart rate and not the presence of b-blocking agent.
In this study, we showed that aortic PP gave more substantial clinical indications on the severity of coronary atherosclerosis than aortic SBP or DBP alone (Table 5 ). Brachial non-invasive SBP, DBP or PP levels gave even less indications on the predictive value of coronary alterations. Interestingly, Jankowski et al. 2 have recently demonstrated that aortic PP was the most important predictor of CV events in coronary patients with preserved as well as in those with reduced EF. Because, in the present population of old hypertensive and atherosclerotic subjects, the increased PP is due to a low DBP with SBP close to normal values, the corresponding patients are often clinically classified as 'adequately controlled' (SBP o140 mm Hg and DBP o90 mm Hg) by antihypertensive drug treatment. However, in the presence of severe CV or non-CV surgical interven- tion, the risk may acutely increase and require an intra-aortic balloon counterpulsation to maintain DBP and coronary perfusion. 19 Finally, the results of this study should be interpreted within the limitations of this investigation. First, the patients were not really consecutive: inclusion was influenced by investigator's availability. In fact, investigators were not working every day in the catheterization laboratory but patients referred to them and fulfilling inclusion criteria were all considered for inclusion. Finally, the large number of studied patients blunted the risk of any major selection bias. Second, the study was cross sectional and the cause to affect relationship between aortic PP and coronary lesions could not be demonstrated. Third, only 213 patients had a left ventricular dysfunction in our study; this relative low proportion may have influenced the importance of the association between aortic BP parameters and coronary structural alterations.
In conclusion, the present study has shown that increased aortic PP is an important predictor of local atherosclerotic structural alterations in subjects with coronary ischaemic disease and altered EF. This finding is not observed when aortic or brachial SBP or DBP are only considered. After determination of EF, aortic PP is an important mechanical factor predicting risk in subjects with coronary ischaemic disease. Its evaluation is of major interest during coronary angiography for ischaemic coronary disease.
